This paper presents the conceptual mechanical analysis of the all-terrain mobile robot (AMoBo). The locomotion concept for all-terrain mobile robot is based on six independent motorized wheels. The mobile robot has a steering wheel in the front and the rear, and two wheels arranged on a bogie on each side. The front wheel has a spring suspension to guarantee optimal ground contact of all wheels at any time. The steering of the vehicle is realized by synchronizing the steering of the front and rear wheels and the speed difference of the bogie wheels. A prototype AMoBo was designed and fabricated. The developed prototype is about 66 cm in length and 23 cm in height. Testing size results show that the prototype able to overcome obstacles of same height as its wheel diameter and can climb stairs with step height of over 10 cm. Finite element analysis was used to analyse and verify the strength of each critical part of AMoBo. The base plate appeared to be the critical part with the highest shear stress and the lowest safety factor.
INTRODUCTION
All-terrain mobile robot (AMoBo)is a remotely piloted or selfpiloted vehicle that can carry cameras, sensors, communications equipment and other payloads. All terrain mobile robot is also known as all-terrain utilities, side-by-side vehicles or multiterrain utilities'. The main requirement for AMoBo emerges from the task to do the dirty, dangerous and dull jobs. An AMoBo consists of a mobile, rigid chassis that can be equipped with functional heads for different terrain and various maintenance tasks. Such a platform is connected via a cable to an over ground surveillance unit. The cable supplies the AMoBo platform with energy, and it transmits the video signals of the cameras to the monitor observed by human operator who teleoperates the platform. The length of the unrolled cable is used to estimate the distance that the robot has traveled.
The usage of human inspection is time consuming and expensive. Mobile robots are increasingly being used in highrisk, rough terrain situations, such as planetary exploration [1] . In search and rescue purposes, mobile robot can be used to move in the highly hazardous area. For wheeled vehicles, the motion optimization is related to minimizing slip. Minimizing wheel slip not only limits odometric error but also reduces the overall energy consumption and increases the robot's climbing performance. A good distribution of wheel speeds and torques is necessary to fulfill this goal. A good overview of physics-based control and terrain modeling techniques is presented in [2] [3] [4] [5] [6] [7] [8] .
Moore et al. [9] designed a hexapod mobile robot with compliant legs and only six actuated degrees of freedom. Its ability to traverse highly fractured and unstable terrain, as well ascend and descend a particular flight of stairs. The robot, namely RHex, is reliable to climb a wide range of regular, fullsize stairs with no operator input during stair climbing. Siegwart et al. [10] developed a robot, measuring only about 60 cm in length and 20 cm in height, is able to passively overcome obstacles of up to two times its wheel diameter and can climb stairs with steps of over 20 cm. Based on a parallel architecture allowing for high ground clearance and excellent stability, the vehicle is able to passively overcome steps of twice its wheel diameter, to climb or to move in very rough terrain. The Journey Robot is an outdoor robot designed to run off road in unstructured environments. It was inspired by the Defense Advanced Research Projects Agency (DARPA) Grand Challenge and built as a prototype vehicle for that competition. Journey Robot is a fully autonomous, self-guided, mobile robot, capable of navigating on its own to an arbitrary set of waypoints while avoiding obstacles along the way [11] . Subsequently, an omnidirectional mobile robot is designed to move in any planar direction regardless of current pose. The robot able to navigate fast and robustly through cluttered urban environments and over rough terrain, due to their ability to track near-arbitrary motion profiles [12] . Carnegie and Cordes [13] designed and contructed a low cost caterpillar-track robot intended for outdoor use in a variety of irregular terrains. The resulting vehicle can carry a payload of 100 kg, can operate for a period of at least 1 hour and is reasonably immune to variations in weather or ground conditions. The robot is equipped with sufficient processing power and sensors to become capable eventually of autonomously completing assigned tasks.
The aim of the paper is divided into two sections. First, it presents the conceptual mechanical design of developed allterrain mobile robot. Secondly, it discusses the mechanical design analysis of AMOBO such as kinematic motion and finite element analysis.
THE CONCEPTUAL MECHANICAL DESIGN OF AMOBO
The developed conceptual AMoBo is a mobile vehicle that has six independent powered wheels as shown in Figure 1 . In the front, the wheel is effectively in the same plane with its position governed by a linkage and a spring. The front wheel is act as the steering that used to guide the forward action of AMoBo. On both side, two wheeled bogies provide lateral stability of AMoBo. The position of the parallel-linkage bogie is passively articulated from reaction of the terrain. The back wheel is rigidly attached to the body. Subsequently, the back wheel also acts as steering to guide and support the movement of AMoBo. Figure 2 shows the side view of the AMoBo.
The parallel architecture of the bogies and the spring suspended fork provide a non-hyperstatic configuration for the six motorized wheels while maintaining a high ground clearance. This insures maximum stability and adaptability as well as excellent climbing abilities. The robot is designed to keep all its six motorized wheels in contact with the ground on a convex ground up to a minimal radius of 30 cm and on a concave ground up to a minimal radius of 35 cm. Figure 3 shows the vehicle at concave and convex ground. All six independent DC-motors integrated in the wheels have a power of 0.78 W each and can be controlled individually. The total weight of the robot base is 6 kg including 600 g for the battery (12 V, 2 Ah). Torque = 125 Nm, 60 rpm. From the torque and speed of motor, the velocity and the force that act on each wheel of terrain rover as follows: 
DESIGN ANALYSIS
The design analysis is to validate the all-terrain mobile robot. There are two analysis discussed in this section, which are kinematics motion and finite element analysis (FEA) of critical parts.
Kinematic Motion
The all-terrain mobile robot is designed to travel at different terrain, where step-climbing process is one of the obstacle that this terrain vehicle able to overcome. A step-climbing sequence depicted in Figure 4 show the capabilities of AMoBo. The kinematics motion of terrain vehicle is analyzed by Autodesk Mechanical Desktop software. The goal of the flexibility terrain rover was to passively overcome a step same as the wheel diameter. Figure 4 and 5 depict a motion sequence of the robot climbing a step. First, the front fork gets on the step (Figure 4b and 5a) . This relieves the load on the bogie wheels and thus eases the bogie to climb (Figure 4c and 5b) . When the second bogie wheel is in contact with the wall, the bogie turns around the upper corner of the step. At this time, the centre of gravity almost reached its final height (Figure 4d and 5d) . Finally, the last wheel can easily get on the step, dragged by the other five wheels. As the two bogies are independent from each other, it is even possible to climb the step if the robot is not approaching perpendicularly or if only one bogie encounters a step. Figure 5 Climbing sequences for a step of 11 cm high (height is same as the wheel diameter)
Finite Analysis
The critical parts of this all terrain vehicle were analysis using the finite element method (FEM) to verify the strength of the each part. All the parts are manufactured by computer numerical control (CNC) machine. The loads have been applied to test the strength of each critical part. Figure 6 shows the finite element analysis of AMoBo critical parts with 200 N loads. In this section, the part with the highest maximum shear stress (base plate), second highest maximum shear stress (wheel holder) and the second lowest maximum shear stress (front wheel holder) is discussed. 
Base Plate
The base plate was made of aluminum alloy 6061 which designed to place battery, and controller onto it. This part has the highest maximum shear stress among other critical parts of terrain vehicle. The maximum shear stress of this part is 3.47 MN/m 2 at nodes of 1545. Figure 7 shows the FEA result of the design subjected after maximum load of 200 N.
Wheel Holder
The wheel holder was made of aluminum alloy 6061 which was designed to connect side bar with side wheel. Wheel holder has the second highest value of maximum shear stress among all the critical part of terrain vehicle. The value of this shear stress is 121 KN/m 2 which located at nodes of 584. Figure 8 shows the FEA result of the design load of 200 N apply onto it. 
Front Wheel Holder
The front wheel holder was made of aluminum alloy 6061 which was designed to connect front bar with front wheel. The front wheel holder is the part which has the lowest maximum shear stress among all of the critical part of terrain vehicle. The maximum shear stress of this part is 319 KN/m 2 which located at nodes of 635. Figure 9 shows the FEA result of the design load of 200 N apply onto it.
Figure 9 Stress analysis of Front wheel holder
The summary of the finite element analysis is listed in Table 1 . The purpose of calculate the safety factor is to make sure that the part are safe to use at the certain force that act onto the part. From the analysis, the lowest safety factor for the critical part is 24. Subsequently, the highest safety factor of this terrain vehicle is 260. All of the safety factor for critical part is more than 3, hence, the conclusion can be state that this high flexibility multi terrain vehicle are safe to use in the condition of 200 N apply onto it. 
DISCUSSION
In the process of design analysis on the AMoBo structure, the critical parts need to be considered in order to function well in safe condition. Thus, all the critical parts of AMoBo were analysed by using the finite element method. The 200 N loads have been applied to test the strength of each of critical part. Table 2 show the maximum stress acted on the each part. From Table 1 , the results showed the maximum stress that act on the critical part of the AMoBo. The data showed that base plate has the highest stress among all of the critical part. Then, it is followed by the part names wheel holder and back holder which has maximum stress of 1. After the FEA and maximum stress data had been collected, the factor of safety for each part needs to be determined. The purpose of determination the safety factor for each part is to determine the safety the designed parts. In mechanical design, the minimum safety factor of one part is 3. Table 3 shows the safety factor for both static and fatigue analysis. The AMoBo is the mechanism that is move on the uneven terrain, thus, the analysis of fatigue safety factor is a need to make sure that every part of the terrain vehicle can perform well in fatigue condition. From data shown in graph and table, front bar is the part that has the highest safety factor which the static safety factor is 263.23 and fatigues safety factor is 197.42. However base plate is the part that has lowest safety factor among all the critical part where its static safety factor is 23.84 and the fatigues safety factor is 17.88. All the safety factor of the critical parts of terrain vehicle either static or fatigue is more then 3, this is showed that all designed part of this terrain vehicle are able to withstand the load of 200 N with safety situation.
CONCLUSION
The development of AMoBo is used to overcome the obstacle (step, stair and off-road) while moving. From the finite element analysis, some of the critical parts had been analysed and discussed. The developed AMoBo is able to withstand the 200 N external forces. The base plate appears to be the part has the highest maximum shear stress of 3.47 × 10 6 N/m 2. Subsequently, the base plate also the part with the lowest static safety factor of 23.84 and fatigue safety factor of 17.88. The base plate will be redesigned to lower the shear stress and increase the safety factor. The future recommendation for AMOBO is to improve the wheel by optimization method. The objective of optimization is to minimize the slip that is occurring. This can be achieved by maximizing the traction forces, which is equivalent to minimizing the function of wheels. Next, it is recommended that the computed force and torque is applied to set a slip probability for each wheel. It is because the less pressure on the wheel, the more likely the wheel will slip. This is valuable information for probabilistic multi-sensor fusion. The knowledge of wheel-ground interaction is useful during the determination of wheel diameter changes that caused by tire compression. By adding sensors on the wheels, it can improve AMoBo from passive model to active model which can operate without human guide. Finally, the flexibility of the mechanical structure will be studied to increase the application in the future. Example of study that needs to be done on terrain rover is reduction of weight and design improvement at the wheel of terrain rover. The weight of terrain rover can be reduced by changing the material of wheel. Besides, study on the size of wheel also needed in order to improve the performance and ability of terrain rover to overcome the obstacle.
